The Global Fire Assimilation System (GFAS) assimilates Fire Radiative Power (FRP) observations from satellite-based sensors to produce daily estimates of biomass burning emissions. It has been extended to include information about injection heights provided by two distinct algorithms, which also use meteorological information from the operational weather forecasts of ECMWF. The two injection height datasets were compared against a new dataset of satellite-based plume height observations. The IS4FIRES parameterization showed a better overall agreement against observations, while the PRM was better at capturing the variability of injection heights and at estimating the injection heights of large fires. The results from both also show a differentiation depending on the type of vegetation. A positive trend with time in median injection heights from the PRM 15 was noted, less marked from the IS4FIRES parameterization. This is provoked by a negative trend in number of small fires, especially in regions such as South America.
is defined as the level where the bulk Richardson number, based on the difference between quantities at that level and the lowest model level, reaches the critical value 0.25. Evaluation of this product against satellite retrievals (Palm et al. (2005)) showed that the diagnostic often underestimates the PBL height by a few hundred meters but shows a good correlation with observations. In this work the two-step version of the IS4FIRES algorithm is used.
IS4FIRES was further refined by Kukkonen et al. (2014) and Veira et al. (2015a) . Kukkonen et al. (2014) improved the 5 results of the algorithm when replacing the Brunt-Väisälä frequency of the free troposphere by the inversion layer BruntVäisälä frequency in case of stable nocturnal boundary layer. Since our proposed implementation will use a daily FRP product that is based on day-time satellite observations from MODIS, this improvement was not tested as its impact would probably not be significant.
Integration in GFAS
estimation of global dry matter burnt fields with GFAS. Emission factors following Andreae and Merlet (2001) and updates are then used to estimate the emissions of 41 species from the dry matter burnt.
The GFAS emission inventory cover the period from 1 January 2003 to present. It has been recently extended to early 2000 (Remy and Kaiser (2014)) using bias-corrected observations from MODIS onboard Terra only. The output from GFAS is validated regularly in the framework of the CAMS project (Andela et al. (2013) ). 
Integration of the injection height algorithms into GFAS
The output of the IS4FIRES parameterization is a single parameter: injection height, which makes it easy to assimilate once gridded and averaged. The output of the PRM is a whole detrainment profile, which would be too costly to assimilate. It was decided instead to derive the most useful parameters from this profile and then to regrid and assimilate them. These parameters consist of the top and the bottom of the plume, and of the mean height of maximum injection, i.e. the average of the PRM 10 levels for which detrainment is equal or above half of maximum detrainment.
The clustering algorithm of the PRM was used to produce clusters of contiguous MODIS fire pixels. The PRM is run on the accumulated FRP of each fire cluster, while IS4FIRES is using the maximum FRP of each cluster, so as to use inputs that are similar to Sofiev et al. (2012) , who used maximum FRP from MPHP fire clusters in their work.
The output of the PRM is very dependent on the stability of the atmosphere. One possible drawback is that in some cases, 15 the impact of the fire forcing at the base of the 1D column of the PRM becomes negligible as compared to the impact of the atmospheric environment. Then, the injection profiles produced by the PRM are only representative of the shallow convection scheme included in it, not of the fire input. To prevent this, the PRM is run twice, once with no fire forcing, and another time with the fire forcing. Only the fire clusters for which the mean height of maximum injection provided by the PRM forced by the fire is larger than the one provided by the PRM not forced by the fire are kept. This particular criterion removes around 20 10% of active fire clusters.
The two injection height algorithms provide four parameters in all, for each 5mn MODIS granule: three for the PRM (mean height of maximum injection, height of the top of the plume and of the bottom of plume), and one for IS4FIRES. These parameters must first be gridded onto the 0.1 x 0.1°GFAS grid. To achieve that, the number and coordinates of all the MODIS pixels that constitute the fire clusters are kept. Each GFAS grid cell containing at least one pixel of a given fire cluster is then 25 associated with the values of the 4 injection height of this fire cluster. In the unlikely case where a GFAS grid cell contains pixels from two or more distinct fire clusters, the maximum value from the fire clusters is assigned to the GFAS grid cell.
Maximum FRP from each fire clusters is also gridded in the same way.
In GFAS (Kaiser et al. (2012) ), the time averaging of the 5mn global gridded FRP into hourly and daily global gridded FRP uses the fraction of satellite observed area as a weight. For the injection height parameters it was decided to use the 30 gridded maximum FRP as a weight in order to privilege injection heights associated with the most active fires. This means that the resulting product is more representative of the diurnal maximum of fire intensity. The rationale behind this choice is that several studies showed that most of emissions from biomass-burning occur during or around the diurnal maximum (Andela et al. (2015) , Freeborn et al. (2009 ), Freeborn et al. (2011 ), Roberts et al. (2009 ). The daily gridded fields of the four injection height parameters are then assimilated alongside FRP in the data assimilation step of GFAS.
The fact that there are several conditions for the PRM to produce a detrainment profile for a given fire cluster (selection based on fire temperature, on fire size and finally the check against the output from the non-forced PRM mentioned above) means that there are many GFAS grid cells with non-null FRP and biomass burning emissions with null injection heights. In Brazil. They correspond to areas where the human presence is high; most of the fires occurring in these regions comes from agriculture. They are most of the times rather small in intensity, which explains why injection heights were not computed for these fires for over 80% of cases. period. The injection heights are neatly separated into two distinct subsets: one below the PBL height, with a large variability, 15 and another just above PBL height with low variability. The two subsets are clearly a result of the two steps of the algorithm, with the second step being applied only to plumes that are rising higher than the PBL height. However, it is apparent from this plot that IS4FIRES encounters difficulties in providing injection heights that are significantly above PBL height.
The same plot also shows density plots of the mean height of maximum injection provided by the PRM against the boundary layer height diagnostic from the operational ECMWF model, for global Terra and Aqua observations and for the 1/6/2013 to The different values for maximum injection obtained with Aqua and Terra observations show that the two methods reproduce the maximum of the diurnal cycle of fire activity during the early afternoon well. With Terra observations, a number of cases with a very stable PBL give very low maximum injection heights; this is more marked for the PRM. With Aqua, the number of such cases is smaller.
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Comparing the output of the two methods (lower panel of Figure 3) show that For Terra, values from the PRM are more often smaller than from IS4FIRES while for Aqua, the PRM gives more often always higher values. For both satellites, the correlation 8 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -1048 Discuss., doi:10.5194/acp- , 2016 Manuscript under review for journal Atmos. Chem. Phys. 
Comparison of the two injection height climatologies
The extended version of GFAS that includes the injection height parameters has been run from 1 Jan 2003 to 1 Jan 2015. The resulting injection height climatologies are presented and evaluated in this section.
The average values of the mean height of maximum injection and of the plume top, from the PRM component of GFAS, and of the injection height from the IS4FIRES component of GFAS are presented in Figure 5 . For the sake of simplicity, these two 15 components will be named as "PRM" and "IS4FIRES" respectively. Over most of regions except Siberia, Russia and Ukraine, the injection height from the PRM (i.e. the mean height of maximum injection) is above the injection height from IS4FIRES.
The main biomass burning regions: Brazil, Africa North and South of the Equator, SE Asia and Australia, are prominent on all the plots, with injection heights that are higher than other regions such as China, India and Central America. The two algorithms estimate the higher injection heights over Central Australia, for a limited number of fires however (see Figure 2 ).
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The global statistics from Figure 5 are detailed in table 1 for the regions of interest defined in Kaiser et al. (2012) and shown in Figure 1 . In addition to the average, the 1st, 5th (median) and 9th deciles are given for all regions. The mean of the PBL height diagnostic from the ECMWF model for grid points that include fires only is also given. The average of the PRM injection heights is globally more than 150 m higher than the IS4FIRES injection height. The regional variability is high, with Tropical Asia and Europe showing the lowest injection heights on average for the two algorithms, and Australia the highest.
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The intra-regional variability is much larger for the PRM than for IS4FIRES injection heights: the lowest plumes are much lower with the PRM, and the highest plume much higher as well. This was also shown by Paugam et al. (2015b) : the PRM seems more able to estimate the higher injection heights. The 9th decile is on average 650 m higher for the PRM as compared to IS4FIRES. Maximum values of injection heights can reach 7 or 8km on occasion with the PRM while they very seldom reach 4 km with IS4FIRES.
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This table also confirms that there is a significant statistical link between PBL height and injection heights, more marked with the PRM. The PBL height diagnostic from ECMWF for grid cells with fires show low values for Tropical Asia. This is probably because most of fires occur quite close to the sea in this region, which comprises mainly Indonesia. The spatial interpolation may thus include PBL height values from over the sea, which are lower than over land because of lower day-time 9 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -1048 Discuss., doi:10.5194/acp- , 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 13 April 2016 c Author(s) 2016. CC-BY 3.0 License. heat flux from the surface. Besides this region, the regions that display the lowest and the highest averages injection heights with the PRM are also the regions with lowest and highest PBL heights at grid cells with fires. Comparing the 9th decile with PBL height shows that for all regions, the 9th decile of PRM injection heights is significantly above the PBL height diagnostic. This means that with the PRM and for all regions, more than 10% of fires release their constituents mainly in the free atmosphere. For the IS4FIRES parameterization, this is true only for some specific regions: Australia, South America,
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North Asia and Tropical Asia. For the most active biomass burning region globally, Africa, North and South of the Equator, the difference between the PRM and IS4FIRES injection heights is significant in terms of the number of fires that release their emissions above the PBL.
This greater spatial and day-to-day variability of the PRM as compared to IS4FIRES is also apparent in Figure 6 , which shows global and regional density plots of median injection heights from the PRM versus IS4FIRES. The linear fit between 10 the two sets indicate that for all regions, high median injection heights are higher with the PRM while low median injection heights are also lower. For some regions such as Europe and North Hemisphere Africa, the median injection height from the PRM is below 500 m in many cases. For these two regions, the mean and median of injection heights are significantly lower with the PRM than with IS4FIRES; which shows that this has a strong impact on regional statistics. This plot also highlights the regional variability, which is again more marked for the PRM as compared to IS4FIRES injection heights. 
Validation against MISR observations of plume top heights
In this section, the newly computed injection heights are compared against the MPHP2 dataset of injection heights derived from MISR observations. By taking into account only the plumes with good and fair retrieval quality, the verification dataset is composed of 13454 injection heights. When collocating these observations against the non-null injection heights computed from Terra-based fire observations in GFAS, the sample size is reduced to 4182, or 31% of the initial verification dataset. This 20 figure is comparable to the ratio of the global number of grid cells with non-null injection heights over the number of non-null FRP grid cells. in the upper tail of the vertical distribution, the PRM gives a frequency that is closer to observations. These plumes constitute a minority of observed plumes, but they are particularly important in terms of atmospheric composition they are particularly 30 large and they are subject to long-range transport in the free troposphere. 
Global scores

Discussion
There are three sources of errors in the injection height estimates that were assessed in this study (besides possible errors on the verification dataset): Using additional satellite products, especially from geostationary satellites, can only improve the quality of the injection heights and of the GFAS products as a whole. This would also allow to describe the diurnal cycle of fires and injection heights.
Work is going on to combine the accuracy of low orbit observations with the better time resolution of geostationary products 20 in GFAS (Andela et al. (2015) ).
The two algorithms are very dependent on the atmospheric profiles provided by the ECWMF. The diagnosed PBL height is of special important since plumes often reach the top of the PBL without breaking through to the free troposphere. Even if the ECMWF diagnostic appears to be of good quality generally (see the studies of Palm et al. (2005) and Flentje (2014)), possible errors will have a large impact on injection height estimates from both algorithms. In particular, it seems that the numerous 25 cases where the PRM estimates very small injection heights (200-300 m) while the MPHP2 dataset indicated injection heights from 1000 to 2000 m correspond to cases where the PBL height according to ECMWF was underestimated. This led to a notable degradation of the scores of the PRM injection heights in GFAS. In some cases, especially over Indonesia, some landsea mask representativity issues arose for the ECMWF environment profiles, caused by the coarse 1x1°grid that was used. The bad scores of the PRM over Indonesia were improved when using a better resolution for the atmospheric environment. The 30 extra computing cost of increasing the resolution of the environment is however too great to consider this option for running GFAS in NRT mode or to produce climatology.
Since the PRM appears to have more ability to estimate high injection heights, which are associated with large fires, the PRM was chosen for as a first implementation. The following case studies will help to further evaluate the performance of the PRM for high injection heights. However, the IS4FIRES injection heights will be used in an upcoming test, since they show better scores overall in comparison with the MPHP2 dataset. Figure 9 shows the PRM top of the plume and mean height of maximum injection from GFAS for the 16 to 29 September 2012 period. The first period, 16-22 September, is characterized by intense fires, with mean heights of maximum injection often reaching more than 4 km between between 10 and 15°S and 45-55°W, and top of the plume estimated at more than 5 km for some fires in this box.
SAMBBA field campaign
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The cross-sections of the aerosol extinction coefficient from the lidar observations for the six considered research flights are presented in Figure 10 . All of the six flights show enhanced extinction due to biomass burning, with smoke layers lying at altitudes varying from 2 to 4 km. Extinction profiles from several flights (B733 and B741 especially) show two or more distinct aerosol layers, which may originate from distinct fires. The elevation of the observed aerosol layers is close to the mean heights of maximum injection provided by GFAS in the region, i.e. between 3 and 4 km generally.
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As detailed in Marenco et al. (2015) , the observed profiles of aerosol extinction were compared against model predictions from the Met Office United Model (MetUM) and C-IFS. The results from the MetUM are presented and analyzed in Marenco et al. (2015) . Figure 11 shows the simulated extinction profiles from C-IFS along the flight track, with biomass burning aerosols injected at surface and at the PRM mean height of maximum injection provided by GFAS.
Except for flight B741, the aerosol extinction is larger when the biomass burning aerosol are injected at an altitude. Compar-25 ing to observations, using the PRM injection height from GFAS seems to bring an improvement in the forecasts of the aerosol extinction profiles for flights B742, B743 and also B746. For these flights, the observed layers of aerosols at 4 km (B742), 2 km (B743) and 2.5 km (B743) are better represented when using injection heights while they are either nearly absent (B742) or underestimated (B743 and B744) when emitting at the surface. For flight B742, the modified model is able to forecast the two aerosol layers that were observed. For flights B734 and B741, there is no discernible improvement or degradation while 30 for flight B733, the use of injection heights increased the simulated aerosol burden in the smoke plume between 2 and 3 km beyond the observed values.
SEAC4RS field campaign
In the framework of the Studies of Emissions, Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (SEAC4RS) field campaign, the National Aeronautics and Space Administration (NASA) operates a DC-8 aircraft to sample the smoke plumes from fires in continental United States. Aerosol extinction was remotely sensed using a combined High Spectral Resolution Lidar (HSRL, Hair et al. (2008) ) at 532nm and Ozone Differential Absorption Lidar at 290nm (DIAL, 5 Browell et al. (1983) ). Measurements here focus on the aerosol measurements from the HSRL. These observations were used for the studies of the Rim Fire, which occurred in late August 2013 in California (Peterson et al., 2015) and were used to derive fire emissions using inversion techniques (Saide et al. (2015)).
Here, we focus on a single flight from the DC-8 on 19th of August 2013. The track of the flight and the observed height of the mixed layer are shown in Figure 12 . The cross-section of the aerosol extinction at 532nm observed by the DIAL-HSRL are 10 presented in Figure 13a . Its most distinct feature is an elevated biomass burning aerosol layer, between 4 and 6 km high, from 35 to 45°N, caused by large fires raging in the United States Pacific Northwest. Most of the aerosol burden lies above the top of the PBL, which was between 1 and 1.5 km (Figure 12 ).
The C-IFS forecasting system was run with biomass burning aerosols emitted at surface (13b) and at the PRM mean height of maximum injection from GFAS (Figure 13c ). The impact of using injection heights is shown on Figure 13d . The extinction 15 resulting from the biomass burning is higher throughout the sampling regions when the injections heights were provided by GFAS as compared to emitting at the surface. The difference is especially important for altitudes between 2 and 6 km at 16:00 (35°N), around 2 km between 18:00 and 19:00 (43-45°N) and around 4 km between 20:00 and 22:00 (35-40°N). The simulated values from C-IFS with injection at surface underestimated aerosol extinction at altitudes higher than 3-4 km and sometimes overestimated extinction close to the surface. When using injection heights from GFAS, the smoke layer at higher 20 altitudes is better represented, but the overestimation close to the surface is also larger. The elevated layer of aerosols around 6 km is not captured by either simulation. (2015)) and has been noted by FINN, GFAS as well as GFED4 Giglio et al. (2013) . A downward 10 trend in burnt area in North-Hemisphere Africa was also noted in GFED4 for recent years (Andela et al., 2014) , which seems to confirm our findings.
Injection height trend analysis
In South America, a significant decrease in number of fires, injection heights, average FRP, and no trend in the median injection height from either the PRM or IS4FIRES indicate that the decrease in fire occurrence concerns small and large injection heights equally. In North Hemisphere Africa, the decrease in number of fires and injection heights is associated with 15 a significant increase in median injection heights, more marked with the PRM, and with constant average FRP over the years.
This means that small injection heights (associated with less intense fires) are more affected by this decrease. Globally, the decrease in fire occurrence seems to affect fires with smaller injection heights. The same figure also shows the correlation between monthly averages of FRP and PBL height over fires versus PRM and IS4FIRES injection heights. The correlation is higher with PBL height for the two algorithms. Monthly averaged IS4FIRES 25 injection heights are significantly correlated with both FRP and PBL height. This is clearly a large-scale phenomenon, since when comparing at the scale of a MODIS pixel (see Figure 2 and 3), the correlation is very small. As a consequence, it appears easier to parameterize injection heights as a function of FRP and PBL height for larger scales than for individual fires. This means that the added values of the GFAS database lies in the daily time scale and its spatial resolution of 0.1°.
Conclusions
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Two existing algorithms estimating fire injection heights have been embedded into the GFAS system: the IS4FIRES parameterization and the Plume Rise Model. The new system, GFAS, provides daily global fire emissions and injection heights at a resolution of 0.1°. It uses as input FRP from MODIS and atmospheric profiles from the operational ECMWF model. GFAS Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener, F., Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S., Ginoux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang, P., Isaksen, I., Iversen, I., Kloster, S., Koch, D., Kirkev ag, A., Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S., Seland, O., Stier, P., Takemura, T., and Tie, X.: Analysis and quantification of the diversities of aerosol life cycles within AeroCom, Atmos. Chem. Phys., 6, 1777 Phys., 6, -1813 Phys., 6, , 2006 . 
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